Heterojunction bipolar phototransistors, based on GaAs technology, are widely used in optoelectronic integrated circuits. One of the methods to improve phototransistor performance is applying a delta-doped thin base, which causes both a higher current gain and a better time response. There is a lack of information about this kind of device in the literature. Our work presents the results of computer simulations of AlGaAs/GaAs n-p-n phototransistors, with a bulk-doped and delta-doped base working as two-and threeterminal devices. The characteristics and device parameters obtained clearly show that phototransistors with delta-doped base have higher sensitivity and a better time response compared to the structures with a bulk-doped base. Based on simulation results, we modified the epitaxial phototransistor structure with a double delta-doped base that should improve device performance.
Introduction
Heterojunction bipolar phototransistors (HPTs) are a promising alternative to such devices as PIN and avalanche photodiodes. Recently, they have been widely used in optoelectronic integrated circuits (OEIC) as optical switches or preamplifiers [1, 2] . The HPT transistor can operate without a base bias ("floating base") because the optically generated carriers are responsible for its work. So, the HPT structures occur as two-terminal (optical base bias) or three-terminal (optical and electri- * E-mail: Beata.Sciana@pwr.wroc.pl cal base bias) devices. The main disadvantages of phototransistors are long response times and a small optical gain, especially at low optical excitation powers. To solve these problems, different HPT constructions have been proposed: a heterojunction phototransistor with a punch-through base to reach high gain, high speed, and low noise simultaneously [3, 4] ; a punch-through phototransistor with avalanche enhancement [5, 6] ; or a guardring design around the active region [7] . In our earlier papers [8, 9] the n-p-n AlGaAs/GaAs heterojunction phototransistor with a thin 50 nm-thick Zn-delta-doped GaAs base was described. The use of a delta-doped sheet located at heterojunction bipolar transistor interfaces suppressed the heterojunction potential spike, which resulted in higher emitter injection efficiency (current gain) and lower knee voltage. In this work we present the computer simulations of AlGaAs/GaAs HPT structures, which are focused on optimisation of the particular epilayer parameters (thickness, doping profile, and concentration). The goal is to improve such device parameters as current gain, sensitivity, and response times. At the first step of the modelling we simulated the phototransistor structure presented in our work [8] , but with a bulk-doped base. The optimised parameters of this structure were used in the next step of simulations focused on AlGaAs/GaAs HPT with a delta-doped base, working with optical base bias as a two-terminal device or as a three-terminal device with electrical and optical base bias. As a result of this work, the modified AlGaAs/GaAs HPT structure with double delta-doped base was proposed for fabrication and experimental application.
Simulation assumptions
The software used for the phototransistor modelling is the Atlas device simulator from Silvaco 1 . This software simulates the electrical, optical, and thermal behaviour of different semiconductor devices (transistors, light emitters, detectors, solar cells). It allows DC/AC analysis and time-domain responses for all semiconductor-based technologies in two and three dimensions. During the simulations the following material and physical models were used: Fermi-Dirac statistics, SHR (Shockley-Hall-Read) and the bound radiative recombination, FLDMOB (Paral- lel Electric Field Dependence) model. Device parameters were calculated using the Gummel-Poon analytical model for the HPT structures [10] . Spectral characteristics were derived for wavelengths ranging from 100 nm to 900 nm. The optical excitation power P of 177 µW and collectoremitter bias U C E = 3 V were applied. The time-response characteristics were determined using pulse-optical excitation (λ = 850 nm, P = 177 µW) with rise and fall times 0.5 ns and the pulse width 3 µs. The simulated structure is presented in Figure 1 . We applied ring-shaped emitter and base contacts; the collector contact was placed on the bottom surface of the HPT structure. At first we assumed the epitaxial layer parameters from our work [8] (Table 1) for the bulk-doped base design. 
Simulation results

Optimisation of the HPT structures with the bulk-doped base
In the first step of our simulations we analysed the influence of the particular transistor layers features (thickness, dopant concentration) on the output device parameters, such as current gain, response times, and cut-off frequency. We considered bulk-doped base structures (AlGaAs/GaAs HPT-bulk) and a classical three-terminal transistor work without an optical excitation (U C E = 3 V, U B = 1 5 V). The main aim of these investigations was verification of the preliminary assumed parameters, which in the next step of simulations were applied as the input parameters for modelling of HPT structures with a delta-doped base. The results indicated that the current gain β is more sensitive to the collector doping concentration . Next, the influence of the emitter, base, and collector thickness (W E , W B , and W C ) on the output parameters of AlGaAs/GaAs HPT-bulk structures was investigated. The current gain and cut-off frequency T increase with decreasing base thickness W B . It is connected with lowering the base recombination current and the discharge time of the base minority electron charge. The best parameters were obtained for W B = 50 nm. In the case of the emitter thickness W E , higher values of this parameter cause current gain increases but the frequency T decreases. The emitter thickness should not exceed 400 nm. Concerning the collector thickness, for N C = 1 5 × 10 18 cm −3 , we observe no distinct relationship between this value and device performance for the simulated range of W C (250, 550, and 850 nm). On the other hand, for a lower value of N C = 5 × 10 15 cm −3 (better high frequency work), the space charge region (SCR) inside the collector layer increases, causing the absorption region also to increase. Thus, in this case we use an optical excitation (P = 177 µW, λ = 850 nm) to optimise the W C value. The best device parameters are as follows: current gain of 40 dB, current responsivity (R I ) of 118 A/W, and the switching times ( , ) of 33 ns and 41 ns, respectively, were obtained for W C = 2 µm. For higher values of W C we didn't observe any changes in the collector current I C , which indicates that this thickness is comparable with the SCR width.
Simulations of AlGaAs/GaAs HPT structures with a delta-doped base
Simulations of AlGaAs/GaAs HPT structures with a delta-doped base without an optical excitation
At the next step of our investigations, the influence of the delta-doped thin base (50 nm) on the current gain K and the cut-off frequency T was analysed. Simulations were carried out for the optimised transistor parameters:
, W E = 400 nm, W B = 50 nm, W C = 2 µm, and the bias U B = 1 5 V, U C E = 3 V. We chose a low value of the collector doping (N C = 5 × 10 15 cm −3 ) to improve frequency performance. To get a good ohmic collector contact, we introduced a thin (W SC = 100 nm), high-doped (N C = 5 × 10 18 cm −3 ) subcollector layer at the bottom of the HPT structure. The AlGaAs/GaAs HPT with a single-and double-delta doped base were analysed. These structures were assigned as AlGaAs/GaAs HPT-1δ and AlGaAs/GaAs HPT-2δ, respectively. The acceptor dopant distributions N A = ( ) inside the base region for both of the simulated structures are presented in Figure 2 (Y is the direction normal to the surface of the HPT structure). We investigated the influence of the Gauss doping distribution broadening W δ and the distance between two delta-doped regions W 2δ (for AlGaAs/GaAs HPT-2δ structure) on T and K parameters. The results are listed in Tables 2 and 3 . Data presented in Table 2 show that for AlGaAs/GaAs HPT-1δ the optimal value of the broadening of the Gauss dopant distribution W δ is 10 nm ( T = 5 45 GHz, K = 39 4 dB). In the case of AlGaAs/GaAs HPT-2δ structures, the best device parameters ( T = 5 39 GHz, K = 39 4 dB) were obtained for W δ = 8 nm and distance between two delta-doped regions W 2δ = 20 nm. 
Simulations of AlGaAs/GaAs HPT structures with a delta-doped base under illumination
Spectral characteristics of the collector current I C were realised for wavelengths ranging from 100−900 nm, the optical excitation power P of 1 W/cm 2 , and collector-emitter bias U C E = 3 V. The time response characteristics were determined using pulse optical excitation (λ = 850 nm, P = 177 µW) with the rise and fall times 0.5 ns and the signal width 3 µs. We analysed AlGaAs/GaAs HPT-1δ and AlGaAs/GaAs HPT-2δ structures working as the twoand three-terminal devices (2T and 3T work). Spectral characteristics of the resulting collector current I C for different N E values determined for AlGaAs/GaAs HPT-1δ 2T and AlGaAs/GaAs HPT-2δ 2T structures are presented in Figures 3a, 3b . The estimated device parameters -current gain β, collector current I C , responsivity R I , switch-on and switch-off times ( and ) -are listed in Tables 4  and 5 . The resulting data show distinctly that, in the case of a delta-doped base, we can achieve the high current gain, responsivity, and low values of response times for ). This is a main difference from the AlGaAs/GaAs HPT-bulk structures, where achieving the high current gain and good time response for a low value of N E was impossible. Comparison of device parameters, estimated for the lowest values of N E used in simulations of the three types of HPT structures, is shown in Table 6 . The simulated Gummel characteristics show the changes of the photocurrent I (optically generated at the B-C junction) and the collector current I C (amplified I ) ver- At the final step of our simulations, we investigated the influence of optical excitation on the performance of the AlGaAs/GaAs HPT structures, with a delta-doped base working as three-terminal devices (optical and electrical base bias). The analysed structures were assigned as AlGaAs/GaAs HPT-1δ 3T and AlGaAs/GaAs HPT-2δ 3T. Data listed in Table 7 show the influence of the emitter doping N E on the output parameters of the AlGaAs/GaAs HPT-1δ 3T structure, estimated for the optical excitation power P = 53 µW (λ = 850 nm) and the base current I B = 100 µA. The electrical base bias distinctly improves the response times. It seems that N E = 1 × 10 16 cm −3 is the optimal value of the emitter doping that guarantees the high current gain and responsivity and low values of response times simultaneously. Figure 6a , 6b present the Gummel and output characteristics of the analysed structures. In the case of Gum- power is required for the HPT work. Output characteristics were simulated with and without an optical excitation for different base currents (I B = 50, 100, 300 µA) and for the optical excitation power P = 53 µW (λ = 850 nm). The highest collector current enhancement by the optical excitation (about four times) is obtained for the lowest value of I B = 50 µA (Figure 6b ).
Data listed in Table 8 show the influence of the emitter doping N E on the output parameters of the AlGaAs/GaAs HPT-2δ 3T structure, estimated for the same optical and electrical base bias. The highest values of the current gain (109), responsivity (∼ 202 A/W) and low values of response times (∼ 20 ns) were obtained for N E = 5 × 10 16 cm −3 , which is a better result than in the case of AlGaAs/GaAs HPT-bulk 3T and AlGaAs/GaAs HPT-1δ 3T structures. Comparison of device parameters, estimated for N E = 5×10 16 cm −3 for three simulated types of HPT structures, is shown in Table 9 . Figure 7a, 7b present the Gummel and output characteristics determined for I B = 100 µA and λ = 850 nm. The electrical bias gives a constant gain (∼ 61) in the whole investigated range of the optical powers. Output characteristics were simulated for the same electrical and optical parameters mentioned earlier. We obtained a slightly smaller value of the collector current (∼ 22 mA) compared to AlGaAs/GaAs HPT-1δ 3T structures (∼ 32 mA), but about three times higher than for AlGaAs/GaAs HPT-bulk 3T devices (∼ 8 mA). The presented simulations confirmed our earlier suggestion that applying a delta-doped thin base in a construction of an HPT transistor distinctly improves its device parameters. This kind of HPT structure is not sufficiently described in the literature. Based on simulation results we modified the epitaxial phototransistor structure with a double delta-doped base, which was described in our works [8, 9] and was not previously optimised. This modified structure is presented in Figure 8 . Lower values of the emitter and collector doping guarantee the high current gain and responsivity, as well as short response times (lower values of E-B and B-C junction capacities). 
Conclusions
This work presents the results of computer simulations of different AlGaAs/GaAs n-p-n phototransistor structures. Two-and three-terminal devices with bulk-and deltadoped base were investigated. The resulting characteristics and calculated device parameters clearly show that phototransistors with a delta-doped base have higher sensitivity and better response times compared to bulk-doped structures. They can work as two-and three-terminal de-vices and do not require the high emitter doping. Electrical base bias improves the switch-on and switch-off times of all investigated structures. The modified epitaxial structure of the AlGaAs/GaAs HPT-2δ phototransistor, which has not been considered so far, was proposed. It seems that this will be the optimal structure to apply in fast optical switches of optical communication systems and logic circuits.
